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,QWURGXFWLRQ
0DQ\FRPSRQHQWVLQSRZHUSODQWVKDYHEHHQLQVHUYLFHPXFKORQJHUWKDQWKHLUGHVLJQOLIHRIK3ODLQSLSH
EHQGVDUHFRPPRQO\XVHGLQWKHSLSLQJV\VWHPVRISRZHUSODQWV3LSHEHQGVDUHXVHGWRFRQYH\IOXLGDQGWRFKDQJH
WKH GLUHFWLRQRI WKH IOXLG IORZLQJ LQVLGH3LSH EHQGV DUH FXUYHGEDUZLWK DQQXODU FURVV VHFWLRQZKRVH UHDFWLRQ WR
H[WHUQDO ORDGLQJ LV FRPSOH[ 7KHUHIRUH WKH OLIH DVVHVVPHQW DQG IDLOXUH SUHGLFWLRQ RI SLSH EHQGV LV DQ LPSRUWDQW
IDFWRUWREHFRQVLGHUHGLQWKHGHVLJQDQGVDIHRSHUDWLRQRISLSHOLQHV>@
7KH EHQG VHFWLRQ RI SLSH PD\ EH D SRWHQWLDO VRXUFH RI GDPDJH GXULQJ VHUYLFH SDUWLFXODUO\ LQ FDVHV ZKHUH
VLJQLILFDQW YDOLGO\ DQG ZDOO WKLFNQHVV YDULDWLRQ WKLQQLQJWKLFNHQLQJ H[LVW ZKLFK DUH LQWURGXFHG GXULQJ WKH
PDQXIDFWXULQJSURFHVVDQGWKHRSHUDWLRQWLPH+HQFHWKHDFFHSWDELOLW\RISLSHEHQGVGHSHQGVRQPDJQLWXGHRIWKH
VKDSHLUUHJXODULWLHVFDXVHGERWKWKHVHIDFWRUV
3LSHEHQGVDUHPRUH IOH[LEOH WKDQVLPLODU OHQJWKRI VWUDLJKWSLSHGXH WR WKHFRPSOH[GHIRUPDWLRQ WKH\H[KLELW
XQGHUEHQGLQJ ORDGV:KHQWKHEHQG LVSUHVVXUL]HG WKHEHKDYLRXUEHFRPHVPRUHFRPSOH[DJDLQGXH WRFRXSOLQJ
EHWZHHQWKHSUHVVXUHDQGEHQGLQJUHVSRQVH
,QRSHUDWLRQFUHHSDQGIDWLJXHLQWHUDFWLRQLVWKHSURJUHVVLYHWLPHGHSHQGHQWLQHODVWLFGHIRUPDWLRQXQGHUFRQVWDQW
WHPSHUDWXUH DQG YDULDEOH ORDGLQJ FRQGLWLRQV RI SLSH EHQGV 7KH FUHHSIDWLJXH SURFHVV LV DFFRPSDQLHG E\ PDQ\
GLIIHUHQWVORZPDFURVWUXFWXUDOUHDUUDQJHPHQWVLQFOXGLQJGLVORFDWLRQPRYHPHQWDJHLQJRIPLFURVWUXFWXUHDQGJUDLQ
ERXQGDU\FDYLWDWLRQ$VDUHVXOWDSSHDUDQGJURZWKPLFURFUDFNVRQWKHLQQHUDQGRXWHUVXUIDFHVRIWKHSLSHEHQG
7KLVSDSHUSURYLGHVQXPHULFDO VROXWLRQRISLSHEHQGVXEMHFWHG WRFRPELQHGSUHVVXUHDQGEHQGLQJZLWKRYDOLW\
DQGWKLQQLQJHIIHFWV2QFRPSDFWVSHFLPHQVFXWRXWIURPWHQVLOHDQGFRPSUHVVLRQDUHDVFUHHSIDWLJXHFUDFNJURZWK
UDWHVWXG\LVSHUIRUPHGWRGHWHUPLQHWKHLQIOXHQFHRIWKHFULWLFDO]RQHSRVLWLRQVLQWKHFRQVLGHUHGSLSHEHQG
)LQLWH(OHPHQW&DOFXODWLRQ
2.1. Structures and materials 
7KH FURVV VHFWLRQ RI WKH SLSH EHQG ZLWK RYDOLW\ DQG YDULDEOH ZDOO WKLFNQHVV WKLQQLQJWKLFNHQLQJ DUH
VFKHPDWLFDOO\VKRZQLQ)LJDQGDUHGHILQHGDVIROORZV


)LJ3LSHEHQGJHRPHWU\ZLWKDWWDFKHGVWUDLJKWSLSHDFLUFXODUFURVVVHFWLRQEHOOLSWLFFURVVVHFWLRQZLWKWKLQQLQJDQGWKLFNHQLQJ
7KHGHJUHH RI RYDOLW\ LV GHWHUPLQHG E\ WKH GLIIHUHQFH EHWZHHQ WKHPDMRU DQGPLQRU GLDPHWHUV GLYLGHG E\ WKH
QRPLQDOGLDPHWHURIWKHSLSH3HUFHQWRYDOLW\LV
870   V.N. Shlyannikov et al. /  Procedia Engineering  130 ( 2015 )  868 – 878 
PLQPD[ 
 
D
DDC ZKHUH

PLQPD[ DDD   
7KLQQLQJZKLFKRFFXUVDWH[WUDGRVRIWKHSLSHEHQGLVGHILQHGDVWKHUDWLRRIWKHGLIIHUHQFHEHWZHHQWKHQRPLQDO
WKLFNQHVVDQGWKHPLQLPXPWKLFNQHVVWRWKHQRPLQDOWKLFNQHVVRIWKHSLSHEHQG
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t
ttCt   
7KLFNHQLQJRFFXUVDWLQWUDGRVDQGLVGHILQHGDVWKHGLIIHUHQFHEHWZHHQWKHPD[LPXPWKLFNQHVVDQGWKHQRPLQDO
WKLFNQHVVGLYLGHGE\WKHQRPLQDOWKLFNQHVVRIWKHSLSHEHQG
PD[  
t
ttCt   
7KHQXPHULFDOFDOFXODWLRQVDQGWHVWVPDWHULDOLV&U0R9VWHHOZKLFKLVXVHGIRUPDLQSRZHUSODQWFRPSRQHQWV
VXFKDVVWHDPSLSLQJDQGUHKHDWWXEH6WDQGDUGWHQVLOHWHVWVZHUHSHUIRUPHGDWWKHHOHYDWHGWHPSHUDWXUHRIq&
FKRVHQ IRU FUHHSIDWLJXH WHVWLQJ7KHPDLQPHFKDQLFDO SURSHUWLHVRI&U0R9VWHHO DW HOHYDWHG WHPSHUDWXUH DUH
VXPPDUL]HG LQ7DEOH&UHHS UXSWXUH WHVWVZHUHFRPSOHWHGXQGHUDXQLD[LDOFRQVWDQW IRUFHDQGD WHPSHUDWXUHRI
q&,Q WKLV WDEOHE LV<RXQJ
VPRGXOXVVys LV\LHOGVWUHVVVt LV WHQVLOHVWUHQJWKBDQGnDUH WKH1RUWRQFUHHS
FRQVWDQWDQGH[SRQHQW
7DEOH(OHYDWHGWHPSHUDWXUHWHQVLOHDQGFUHHSSURSHUWLHV
6WHHO&U0R9 (
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2.2. FE model and results 
7KH)(PRGHOLQJDQGVWUHVVVWUDLQVWDWHDQDO\VLVZHUHFDUULHGRXWXVLQJ WKHFRPPHUFLDOFRGH$16<6>@7KH
SLSLQJV\VWHPFRQVLGHUHG IRU WKHQXPHULFDODQDO\VLVFRPSULVHVDqEHQGDQG WZRDWWDFKHGHTXDO OHQJWKVWUDLJKW
SLSHV )LJ7KLVDWWDFKPHQW UHPRYHV WKHHQGHIIHFWVFDXVHGE\ WKHERXQGDU\FRQGLWLRQV WR WKHSLSHEHQG7KH
SLSHJHRPHWU\FKRVHQIRUWKHQXPHULFDOVWXG\LVVKRZQLQ)LJ7KHJHRPHWU\RIWKHSLSHEHQGLQFOXGHVRYDOLW\
DQGWKLQQLQJWKLFNHQLQJZKLOHWKHFURVVVHFWLRQRIVWUDLJKWSLSHLVFLUFXODUZLWKXQLIRUPWKLFNQHVVIRUDOOSDUWV7KH
UHTXLUHGRYDOLW\DQGWKLFNQHVVYDULDWLRQLVJLYHQRQWKHEDVHRILQVWUXPHQWDOPHDVXUHPHQWVDWWKHEHQGVHFWLRQDIWHU
ORDGLQJ KLVWRU\ RI WKH SLSH RSHUDWLRQ HTXDO t    K$W WKH WZR HQGV RI SLSH EHQGZKHUH WKH SLSH EHQG LV
FRQQHFWHGWRVWUDLJKWSLSHV WKHFURVVVHFWLRQVEHFRPHFLUFXODUDQGWKHWKLFNQHVVEHFRPHWKHQRPLQDOWKLFNQHVVRI
WKHVWUDLJKWSLSHSDUWV7KHOHQJWKRIWKHDWWDFKHGVWUDLJKWSLSLQJZDVFKRVHQWRHQVXUHWKDWWKHEHQGUHVSRQVHZDV
LQGHSHQGHQW IRU WKHYDULRXVSHUFHQWDJHRIRYDOLW\7KHSLSHEHQGKDGDQRPLQDOGLDPHWHURID=PPDQG WKH
EHQG¶VD[LVKDGDUDGLXVRIFXUYDWXUHPPWRUHSUHVHQWDORQJUDGLXVSLSHEHQGZLWKUDGLXVUDWLRR/r=
7KH SLSH ZDOO WKLFNQHVV t YDULHG EHWZHHQ  PP WR  PP WKLV FRUUHVSRQGV WR WKH PHDVXUHPHQWV DIWHU
VSHFLILHGRSHUDWLRQWLPH
$FFRUGLQJWRWKHV\PPHWULFDOVWUXFWXUHRIDFWXDOVWUXFWXUHLVVHOHFWHGWRHVWDEOLVKWKHWKUHHGLPHQVLRQDOILQLWH
HOHPHQWPRGHO 7KH VHWWLQJ RI ERXQGDU\ FRQGLWLRQV DQG WKH FRUUHVSRQGLQJ ORDG DSSOLHG DUH VKRZQ LQ )LJ  D
ZKHUHWKHIL[HGFRQVWUDLQWLVLQWKHULJKWHQGRIERLOHUSUHVVXUHYHVVHODQGWKHV\PPHWU\FRQVWUDLQWLVRQWKHSODQHRI
V\PPHWU\7KHEHQGLVVXEMHFWWREHQGLQJDQGLQWHUQDOSUHVVXUHORDGLQJ7KHSUHVVXUHDSSOLHGDVDVXUIDFHORDGDORQJ
WKHEHQGZLWKDWWDFKHGSLSHVXUIDFH7KHV\VWHPDVVXPHGWREHIL[HGDWERWKHQGVVXFK WKDW WKH LQWHUQDOSUHVVXUH
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JLYHVULVHWRDQD[LDOWKUXVWLQWKHV\VWHPDQGWKHVDPHLVDSSOLHGWRWKHSLSHHQGDVDQHGJHSUHVVXUHZKLFKUHPDLQV
QRUPDOWRWKHHQGRIWKHSLSHGXULQJGHIRUPDWLRQ

  
 D E
)LJ+DOIV\PPHWU\DZLWKERXQGDU\DQGORDGLQJFRQGLWLRQVDQGEILQLWHHOHPHQWPRGHO
7ZRORDGLQJVHTXHQFHVZHUHFRQVLGHUHGLQWKHLQYHVWLJDWLRQ7KHLQWHUQDOSUHVVXUHDQGWHPSHUDWXUHZHUHDSSOLHG
WR WKHPRGHO VLPXOWDQHRXVO\ 7KH LQWHUQDO SUHVVXUHZDV DSSOLHG WR D SUHGHWHUPLQHG YDOXH WKHQ KHOG FRQVWDQW RI
RYDOLW\IRUYDULRXVSHUFHQWDJHV7KHLQWHUQDOSUHVVXUHRISLSHVLV03DDQGWKHHTXLYDOHQWD[LDOORDGLVDSSOLHGRQ
WKHOHIWHQGRISUHVVXUHYHVVHO7KHEHQGLQJPRPHQWLVDSSOLHGRQUHIHUHQFHSRLQWRIHQGLQWKHULJKWHQG6ROLGLV
FKRVHQ DV HOHPHQW W\SHRI WKHPRGHO:LWK WKH FKDQJHVRIZDOO WKLQQLQJ VL]H WKH WRWDO QXPEHU RIPHVK HOHPHQW
YDULHVLQWKHUDQJHRIDQGWKHWRWDOQXPEHURIFRUUHVSRQGLQJQRGHVFKDQJHVLQWKHUDQJHRI
7KHZKROHPHVKLQJPRGHOLVVKRZQLQ)LJE
2.3. Stress and creep strain distribution 
7KHPDWHULDOPRGHOLVGHVFULEHGE\WKH1RUWRQHODVWLFQRQOLQHDUYLVFRXVFRQVWLWXWLYHUHODWLRQDQGVWUDLQKDUGHQLQJ
J2IORZWKHRU\ZDVXVHG7KHSLSHEHQGZLWKFLUFXODUFURVVVHFWLRQDQGXQLIRUPWKLFNQHVVLVWDNHQDVWKHUHIHUHQFH
ILHOGLQRXUFDOFXODWLRQV7KHSLSHEHQGSDUWRIWXEHLVFRQVLGHUHGDVLUUHJXODUILHOGV7RVWXG\WKHHIIHFWRIRYDOLW\
DQGWKLQQLQJWKHUHIHUHQFHDQGLUUHJXODUILHOGVZHUHFRPSDUHGE\FRQVLGHULQJWKHVWUHVVVWUDLQVWDWHRIWKHSLSHEHQG
DWWKHWLPHRIRSHUDWLRQt=KZLWKLGHDOJHRPHWU\DQGDIWHUORDGLQJKLVWRU\t=K
2QWKHEDVHRIWKHQXPHULFDOUHVXOWVLWLVIRXQGWKDWIRU]HURGHJUHHRIRYDOLW\PD[FUHHSGHIRUPDWLRQLV
DQGPD[YRQ0LVVHVVWUHVV03DLVREWDLQHGDWLQQHUOD\HURISLSHEHQG$WRIRYDOLW\DIWHURSHUDWLRQ
WLPHt KPD[FUHHSGHIRUPDWLRQLVDQGPD[YRQ0LVVHVVWUHVV03DLVREWDLQHGDWWKHPHDQ
FURVVVHFWLRQRISLSHEHQG
7KHHIIHFWRIRYDOLW\DQGWKLQQLQJFDXVHGE\RSHUDWLRQWLPHRI WKHSLSHEHQGLVVKRZQLQ)LJV)URPWKHVH
ILJXUHVLWLVREVHUYHGWKDWXQGHUFRPELQHGORDGLQJE\LQWHUQDOSUHVVXUHDQGPRPHQWWKHPD[LPXPYDOXHVRIFUHHS
VWUDLQDQGVWUHVVPRGHUDWHO\LQFUHDVHLHWKLVHIIHFWLVPLQLPDO+RZHYHUWKHSUHVHQFHRIRYDOLW\DQGWKLQQLQJXQGHU
FRPELQHGORDGLQJE\LQSODQHPRPHQWDQGLQWHUQDOSUHVVXUHOHDGVWRPRYHWKHPD[LPXPFUHHSVWUDLQVDQGVWUHVVHV
IURPLQQHUOD\HURIWKHSLSHEHQGWRWKHPHDQFURVVVHFWLRQDOUDGLXVRIWKHEHQG)LJV
872   V.N. Shlyannikov et al. /  Procedia Engineering  130 ( 2015 )  868 – 878 
  
 D E
)LJ6WUHVVGLVWULEXWLRQVDWDLQLWLDODQGERSHUDWLRQWLPHW KUV
  
 D E
)LJ&UHHSVWUDLQGLVWULEXWLRQVDWDLQLWLDODQGERSHUDWLRQWLPHW KUV
&UHHSVWUHVVLQWHQVLW\IDFWRUWRFRPSDFWWHQVLRQVSHFLPHQ

)LJ*HRPHWU\DQGGLPHQVLRQVRIFRPSDFWVSHFLPHQ
2QHRIWKHSXUSRVHVRIWKHSUHVHQWZRUNLVVWXG\WKHLQIOXHQFHRIFULWLFDO]RQHVSRVLWLRQRQWKHFUHHSIDWLJXHFUDFN
JURZWKUDWH7RWKLVHQGVXEMHFWIRUERWKWKHH[SHULPHQWDOVWXGLHVDQGWKHQXPHULFDODQDO\VHVDUHFRPSDFWVSHFLPHQV
ɋ7 XQGHU WHQVLRQ ZKLFK DUH PRVW IUHTXHQWO\ XVHG IRU FKDUDFWHUL]LQJ FUHHS FUDFN JURZWK UDWH &RPSDFW
VSHFLPHQVZHUHFXWRXW IURP WZR WHQVLRQDQGFRPSUHVVLRQDUHDVRI WKHSLSHEHQG7KHGLPHQVLRQVFKRVHQDUH LQ
DFFRUGDQFHZLWK$670WHVWVWDQGDUGV>@DVLWVKRZQLQ)LJ7KHWHVWVZHUHFRQGXFWHGLQWUDSH]RLGDOZDYHIRUP
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IRU FRQVWDQW WULDQJXODU ORDGLQJXQORDGLQJ SRUWLRQV ZLWK KROG WLPHV VXSHULPSRVHG DW PD[LPXP ORDG 7KH PRVW
VXFFHVVIXO FRUUHODWLRQVRI WKH WLPHGHSHQGHQW FUDFNJURZWKGXULQJ WUDSH]RLGDOZDYHIRUPDW HOHYDWHG WHPSHUDWXUHV
DUH ZLWK FRUUHVSRQGLQJ IUDFWXUHPHFKDQLFV SDUDPHWHUV 7KHVH SDUDPHWHUV DUH EDVHG RQ HVWLPDWLQJ WKHC* YDOXHV
XVLQJGLIIHUHQWDQDO\WLFDODQGQXPHULFDOPHWKRGV
7R LQWHUSUHW WKH H[SHULPHQWDO GDWD IRU WKH FUHHSIDWLJXH FUDFN JURZWK UDWH LQ WKH &7 VSHFLPHQC*LQWHJUDO
YDOXHVDUHXVHGEDVHGRQWKHPHDVXUHGORDGOLQHGHIOHFWLRQUDWH,W LVZHOONQRZQWKDWXQGHU WKHVPDOOVFDOHFUHHS
FRQGLWLRQVC*(t) LVQRWSDWKLQGHSHQGHQW DQG LVQRW UHODWHG WR WKHFUDFN WLS VWUHVV DQGVWUDLQ ILHOGVRQO\ IRUSDWKV
ORFDO WR WKH FUDFN WLS DQG ZHOO ZLWKLQ WKH FUHHS ]RQH $V VWDWHG E\ WKH DXWKRU > @ WKHUH LV FRQVLGHUDEOH
H[SHULPHQWDOHYLGHQFH WKDW WKHCtSDUDPHWHUZKLFKH[WHQGV WKHC*(t)LQWHJUDOFRQFHSW LQWR WKHVPDOOVFDOHUHJLPH
FRUUHODWHVXQLTXHO\ZLWKWKHFUHHSFUDFNJURZWKUDWH$FFRXQWLQJIRUWKHVHFLUFXPVWDQFHVWKHH[SUHVVLRQIRUWKHCt 
SDUDPHWHULVJLYHQE\WKHIROORZLQJHTXDWLRQIRUVPDOOVFDOHFRQGLWLRQV>@
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,Q >@ D SODVWLF VWUHVV LQWHQVLW\ IDFWRU IRU IUDFWXUH WRXJKQHVV DQG WKH PL[HG PRGH FUDFN JURZWK UDWH ZDV
LQWURGXFHGEDVHGRQWKHDQDO\WLFDOIRUPRIWKHHODVWLFSODVWLFVWUHVVDQGVWUDLQILHOGVLQWKHYLFLQLW\RIWKHFUDFNWLS
7KLVSODVWLF6,)GLUHFWO\UHODWHVWRWKHHODVWLFSODVWLFIUDFWXUHPHFKDQLFVSDUDPHWHUJLQWHJUDO:LWKUHFHQWDGYDQFHV
LQ'IXOOILHOGILQLWHHOHPHQWPHWKRGVWKHSODVWLF6,)SURYLGHGPRUHDFFXUDWHIUDFWXUHWRXJKQHVVDQGFUDFNJURZWK
UDWHSUHGLFWLRQVWKDQWKHUHODWLYHO\QHZWZRSDUDPHWULFDOWKHRULHVDQGFULWHULD*HQHUDOO\VWXG\>@KDYHIRFXVHGRQ
WKHEDFNJURXQG IRU WKH FKDUDFWHUL]DWLRQRI VWDWLF DQG F\FOLF IUDFWXUH UHVLVWDQFHPDWHULDOV DQG VWUXFWXUHVXVLQJRQH
XQLILHGSDUDPHWHULQWKHIRUPRIWKHSODVWLF6,)ZKLFKWDNHLQWRDFFRXQWERWKLQSODQHDQGRXWRISODQHFRQVWUDLQW
HIIHFWVDWIUDFWXUH7KHSUHVHQWZRUNIROORZVWKHDSSURDFKIRXQGLQ>@DQGZLOODOORZDPRUHJHQHUDOH[SUHVVLRQWR
EH REWDLQHG IRU WKH ILUVW WHUP FUHHS FUDFN WLS VLQJXODULW\ ILHOG ZKLFK FRQVLGHUV WKH GHSHQGHQFH RI D JRYHUQLQJ
SDUDPHWHURQERWKWKHFUDFNIURQWFXUYDWXUHDQGWKHFRQVWUDLQW%DVHGRQWKHIRUPXODHRIWKHCLQWHJUDOLQ(TDQG
XVLQJWKHSRZHUODZFUHHSFRQVWLWXWLYHUHODWLRQWKHFUHHS6,)H[SUHVVLRQVIRUVPDOOVFDOHFUHHSDQGH[WHQVLYHFUHHS
DUHUHSUHVHQWHGE\HTXDWLRQVLQWKHIRUPVRI>@

Vmall-scale creep 
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extensive creep 
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(TXDWLRQV IRU WKH SODVWLF VWUHVV LQWHQVLW\ IDFWRUV (TV   LQFOXGH D JRYHUQLQJ SDUDPHWHU LQ WKH IRUP RI In
LQWHJUDOJHQHUDOO\IRUWKUHHGLPHQVLRQDOFUHHSLQJVROLGVZLWKDWKURXJKWKHWKLFNQHVVVWUDLJKWFUDFNIURQW,IWKHC
LQWHJUDO SDWK OLHV ZLWKLQ WKH GRPLQDQW VLQJXODULW\ FKDUDFWHULVWLF ]RQH WKH IROORZLQJ HTXDWLRQ FDQ EH XVHG WR
GHWHUPLQHWKLVJRYHUQLQJSDUDPHWHU>@ZKLFKUHSURGXFHERWKLQSODQHDQGRXWRISODQHFRQVWUDLQWHIIHFWVDWIUDFWXUH
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$VLWIRXQGE\WKHDXWKRUV>@FRQWUDU\WRWKHWUDGLWLRQDOSRLQWRIYLHZWKLVJRYHUQLQJSDUDPHWHURIWKHFUHHSLQJ
FUDFN WLS ILHOGV LQ WKH IRUPRI InLQWHJUDO  LV D IXQFWLRQRI WKH VWUHVVVWUDLQ VWDWH WKH FUDFN IURQW FXUYDWXUH WKH
FUDFNOHQJWKWKHFUHHSWLPHWKHDSSOLHGORDGWKHWHVWHGVSHFLPHQWKLFNQHVVDQGWKHFRQILJXUDWLRQ
7KHEHKDYLRURIWKHJRYHUQLQJSDUDPHWHUIRUWKH&7VSHFLPHQLVSORWWHGLQ)LJLQWKHIRUPRIWKH InLQWHJUDO
(TRIWKHSRZHUODZFUHHSFUDFNWLSVWUHVVILHOGVInDORQJWKHVWUDLJKWt  KDQGFXUYLOLQHDUt  
KUVFUDFNIURQWVLQWKHWKLFNQHVVGLUHFWLRQ1RWHWKDWWKHUDWLREHWZHHQWKHFUDFNVL]HLQWKHPLGSODQHVHFWLRQamp
DQGWKHFUDFNVL]HRQWKHIUHHVXUIDFHafsRIWKH&7VSHFLPHQLVDQLQFUHDVLQJIXQFWLRQRIFUHHSWLPHRUQXPEHURI
ORDGLQJ F\FOHV 7KH InLQWHJUDO GLVWULEXWLRQV DUH SORWWHG DJDLQVW WKH QRUPDOL]HG VSHFLPHQ WKLFNQHVV z/b ,Q WKHVH
FDOFXODWLRQVHDFKFUDFNIURQWLVVLPXODWHGDVDQDUFRIDVHPLHOOLSVHZLWKVSHFLILHGGLPHQVLRQVRQWKHIUHHVXUIDFH
DQGPLGWKLFNQHVVRIWKHVSHFLPHQRQWKHEDVLVRIH[SHULPHQWDOPHDVXUHPHQWV1RWHWKDWWKHSRVLWLRQRIHDFKFUDFN
IURQWFRUUHVSRQGVWRDFHUWDLQQXPEHURIORDGLQJF\FOHVDQGFUHHSWLPH
)LJXUHVKRZVWKDWWKHLQIOXHQFHRIWKHFUDFNIURQWFXUYDWXUHWKHFRPELQDWLRQRIWKHUHODWLYHFUDFNOHQJWKDQG
WKHFUHHSWLPHLQWKHVSHFLILHGVSHFLPHQFRQILJXUDWLRQLVVLJQLILFDQWIRUWKH InIDFWRUGLVWULEXWLRQV,WFDQEHVWDWHG
WKDW )LJ  SUHVHQWV IRU WKH&7 JHRPHWU\ D FOHDU LOOXVWUDWLRQ RI WKH LQIOXHQFH RI WKH LQSODQH DQG RXWRISODQH
FRQVWUDLQWHIIHFWVRQWKHInIDFWRUEHKDYLRU,WFDQEHREVHUYHGIURPWKLVILJXUHWKDWLQWKHWHUPVRIWKHFUHHSInIDFWRU
WKH FRQVWUDLQW LQFUHDVHV DORQJ WKH FUDFN IURQW IURP WKH IUHH VXUIDFH WRZDUG WKHPLGSODQHZKHUHDV WKH FRQVWUDLQW
GHFUHDVHVZLWKDQLQFUHDVLQJFUHHSWLPH1RWDEO\WKHSODQHVWUHVVDQGSODQHVWUDLQFDQEHFRQVLGHUHGVSHFLDOFDVHV
IRUWKHRXWRISODQHRUWKLFNQHVVFRQVWUDLQWV$VH[SHFWHGWKHFRPSXWHGYDOXHVRIWKHInLQWHJUDODUHVHQVLWLYHWRD
JHQHUDOVWDWHRIHLWKHUWKHSODQHVWUHVVRUSODQHVWUDLQFRQGLWLRQVIRUDSRZHUODZFUHHSLQJPDWHULDO7KHQXPHULFDO
UHVXOWVIURPWKHSUHVHQWVWXG\FRQFHUQLQJWKHInGLVWULEXWLRQVLQWKH&7LQWKHUDQJHEHWZHHQWKHSODQHVWUHVVDQG
WKHSODQHVWUDLQLQGLFDWHWKHREYLRXVSRWHQWLDORIWKHLQSODQHDQGRXWRISODQHFRQVWUDLQWLQWHUDFWLRQDVDIXQFWLRQRI
WKHWHVWHGVSHFLPHQFRQILJXUDWLRQ
7KHGLVWULEXWLRQVRIWKHFUHHS6,)DORQJWKHFXUYLOLQHDUFUDFNIURQWLQWKHWKLFNQHVVGLUHFWLRQLVSORWWHGLQ)LJ
IRUWKH&7VSHFLPHQ7KLVSDUDPHWHULVSORWWHGDJDLQVWWKHQRUPDOL]HGVSHFLPHQWKLFNQHVVz/b
,Q WKHVHFDOFXODWLRQVHDFKFUDFNIURQW LVVLPXODWHGDVDQDUFRIDVHPLHOOLSVHZLWKVSHFLILHGGLPHQVLRQVRQWKH
IUHH VXUIDFH DQG WKHPLGWKLFNQHVVRI WKH VSHFLPHQ5HFDOO WKDW WKHSRVLWLRQRI HDFK FUDFN IURQW FRUUHVSRQGV WRD
FHUWDLQQXPEHURIORDGLQJF\FOHVDQGWKHWLPHFUHHS$QDO\]LQJWKHEHKDYLRURIWKHFUHHS6,)RQ)LJVKRZVWKH
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LQIOXHQFHRI WKHFUDFNIURQWIRUPWKURXJKWKHInIDFWRUDVZHOODV WKHYDOXHIRU WKHJHRPHWU\GHSHQGHQWFRUUHFWLRQ
IDFWRU(f'/f)XVHGLQ(T,WLVSRVVLEOHWRQRWHWKDWWKHVHGLVWULEXWLRQVUHSURGXFHWKHH[SHULPHQWDOO\REVHUYHGFUDFN
IURQWSRVLWLRQVLHWKHPD[LPXPYDOXHRIWKHFUHHS6,)LVUHDOL]HGLQWKHGHHSHVWSRLQWRIWKHFUDFNIURQWZKHUHDV
WKHPLQLPXPRIWKHFUHHS6,)RFFXUVLQWKHVXUIDFHSRLQWRIWKHFUDFNWLS

  
 )LJ,QIDFWRUGLVWULEXWLRQVDORQJFUDFNIURQW )LJ&UHHSVWUHVVLQWHQVLW\IDFWRUGLVWULEXWLRQVDORQJFUDFNIURQW
([SHULPHQWVDQG7HVW3URFHGXUH
7KH VSHFLPHQ FRQILJXUDWLRQ FKRVHQ IRU WKH FUHHSIDWLJXH WHVW LV WKH VWDQGDUG FRPSDFW W\SH&7 VSHFLPHQ ,Q
JHQHUDOWKHGLPHQVLRQVFKRVHQDUHDVUHFRPPHQGHGE\WKH$670WHVWVWDQGDUG>@DQGDUHVKRZQLQ)LJ7R
DQDO\]HWKHLQIOXHQFHRIFUDFNIURQWFXUYDWXUHRUFUDFNIURQWWXQQHOLQJWKHVSHFLPHQVZHUHZLWKRXWVLGHJURRYHV


)LJ(TXLSPHQWIRUFUHHSIDWLJXHWHVWV
7KHSRWHQWLDOGURS 3' DQG WKHXQORDGLQJ FRPSOLDQFHPHWKRGVZHUHXVHG WRPRQLWRU FUDFN OHQJWKGXULQJ WKH
FUHHSIDWLJXH WHVWV 7KH ZDYHIRUPV IRU WKH ORDGLQJ DQG XQORDGLQJ SRUWLRQV ZHUH WUDSH]RLGDO DQG WKH
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ORDGLQJXQORDGLQJWLPHVZHUHKHOGFRQVWDQWVULVHDQGGHFD\WLPHV$KROGWLPHRISUHGHWHUPLQHGGXUDWLRQV
ZDVVXSHULPSRVHGRQWKHWUDSH]RLGDOZDYHIRUPVDWPD[LPXPORDG7KHWHVWVZHUHFDUULHGRXWDWq&RQVSHFLDO
KLJKWHPSHUDWXUH WHVWHTXLSPHQW)LJZLWKD ORDGUDWLRRRI7KH&7VSHFLPHQVZHUHSUHFUDFNHG WRDQ
LQLWLDOFUDFN OHQJWK WRZLGWKUDWLRa/WRIDSSUR[LPDWHO\XQGHUF\FOLF ORDGLQJDWURRPWHPSHUDWXUH7ZRWLPHV
GXULQJWKHWRWDOFUHHSIDWLJXHOLIHZDVWKHWHVWZDVVWRSSHGDQGWKH&7VSHFLPHQFRROHGWRURRPWHPSHUDWXUHWKHQ
WKH VSHFLPHQ ZDV DJDLQ VXEMHFWHG WR FUHHSIDWLJXH ORDGLQJ DW q& 7KLV SUDFWLFH KHOSHG WR GHWHUPLQH WKH
LQWHUPHGLDWHFUDFNIURQWSRVLWLRQVGXULQJWKHFUHHSIDWLJXHORDGLQJEHWZHHQWKHLQLWLDOSUHFUDFNDQGWKHILQDOFUDFN
IURQWV$IWHUWRWDOIDLOXUHRIWKHVSHFLPHQPHDVXUHPHQWVRIWKHFUDFNVL]HVZHUHWDNHQIRUIRXUSRVLWLRQVRIWKHFUDFN
IURQWE\PHDQVRIDQRSWLFDOPLFURVFRSH)RUHDFKIURQWWKHFUDFNVL]HDWILYHHTXDOO\VSDFHGSRLQWVFHQWHUHGRQWKH
VSHFLPHQPLGWKLFNQHVVOLQHZDVPHDVXUHGDORQJWKHFUDFNIURQW7KHPHDVXUHGYDOXHVRIFUDFNOHQJWKRQWKHIUHH
VXUIDFHafs DQG DW WKHPLGSODQH VHFWLRQamp RI WKH VSHFLPHQ DUH UHODWHG WR WKH FRUUHVSRQGLQJ QXPEHU RI ORDGLQJ
F\FOHVDQGFUHHSWLPHV
5HVXOWVDQG'LVFXVVLRQV
7KHGHVFULSWLRQRIWKHFUDFNJURZWKEHKDYLRUXQGHUFUHHSIDWLJXHFRQGLWLRQVFDQEHGHVFULEHGLQWKHWHUPVRIWKH
HODVWLFVWUHVV LQWHQVLW\IDFWRUK1RU WKHPDJQLWXGHRI WKHFUHHSVWUHVV LQWHQVLW\IDFWRUKP7KHHODVWLF6,)LVVWULFWO\
YDOLGRQO\IRUOLQHDUHODVWLFEHKDYLRUEXWLWFDQEHXVHGDVDQDSSUR[LPDWLRQLIWKHFUHHS]RQHVL]HQHDUWKHFUDFNWLS
LV OLPLWHG)XUWKHU WKH OLQHDU IUDFWXUHPHFKDQLFVDSSURDFK IRU FKDUDFWHUL]LQJFUHHSIDWLJXHFUDFNJURZWKEHKDYLRU
UHOLHGRQK1IRUFKDUDFWHUL]LQJWKHFUDFNJURZWKUDWHSHUF\FOHda/dNZKLOHPDLQWDLQLQJWKHORDGLQJIUHTXHQF\DQG
WKHORDGLQJZDYHIRUPFRQVWDQW7RXVHWKHHODVWLFDQGFUHHSVWUHVVLQWHQVLW\IDFWRUVWRFKDUDFWHUL]HWKHFUHHSFUDFN
JURZWKRIWKHWHVWHGVSHFLPHQVLWLVQHFHVVDU\WRPHDVXUHFUDFNOHQJWKLQFUHPHQWDVDIXQFWLRQRIQXPEHURIORDGLQJ
F\FOHV
 
 )LJ)RUFHOLQHGLVSODFHPHQWUDWHYVQXPEHURIORDGLQJF\FOHV )LJ&UDFNJURZWKUDWHDVDIXQFWLRQRIHODVWLFVWUHVVLQWHQVLW\IDFWRU
7RWKLVHQGDVSUHYLRXVO\PHQWLRQHGWKHSRWHQWLDOGURS3'DQGWKHXQORDGLQJFRPSOLDQFHPHWKRGVZHUHXVHGWR
PRQLWRU FUDFN OHQJWK GXULQJ WKH FUHHSIDWLJXH WHVWV 'XULQJ WKH WHVW DQ RQOLQH PHDVXUHPHQW RI WKH ORDG OLQH
GLVSODFHPHQWZDV SHUIRUPHGE\PHDQVRI FDSDFLWLYHKLJK WHPSHUDWXUH VWUDLQ JDXJHV$W WKH HQGRI HDFK WHVW WKH
SRWHQWLDO GURS VLJQDO ZDV FDOLEUDWHG ZLWK WKH ILQDO FUDFN OHQJWK PHDVXUHG RQ WKH IUHH VXUIDFH RI WKH IUDFWXUHG
VSHFLPHQV2Q WKHEDVHRI WKHVHPHDVXUHPHQWV WKHIRUFHOLQHGLVSODFHPHQW UDWHDQG WKHFUDFNJURZWKUDWHRQ WKH
IUHHVXUIDFHRIWKH&7ZHUHFDOFXODWHG)LJXUHVKRZVWKHUHODWLRQVKLSEHWZHHQIRUFHOLQHGLVSODFHPHQWUDWHDQG
DFFXPXODWHGRIWKHFUHHSIDWLJXHQXPEHURIORDGLQJF\FOHVDWDQHOHYDWHGWHPSHUDWXUHRIq&IRUWKH&U0R9
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VWHHO7KHVH H[SHULPHQWDO GDWD FRUUHVSRQG WR WZRGLIIHUHQW UHJLRQV IRU FXWWLQJ FRPSDFW VDPSOHVRI WKH VDPHSLSH
EHQG ,W LV HDV\ WR VHH WKDW WKH FUDFN LV JURZLQJ IDVWHU LQ WKH VDPSOHV FXW IURP WKH FRPSUHVVLRQ ]RQH 7KLV
FLUFXPVWDQFHGHPRQVWUDWHVYDU\LQJGHJUHHVRIGHJUDGDWLRQRIWKHPDWHULDOSURSHUWLHVLQWKHWKLQQLQJDQGWKLFNHQLQJ
DUHDVRISLSHEHQG7KLVFRQFOXVLRQFRLQFLGHVZLWKWKHRSLQLRQRIWKHDXWKRUVRI>@
)LJXUHVKRZVWKHFUDFNJURZWKUDWHEHKDYLRURIWKH&7VSHFLPHQIURPFRPSUHVVLYH]RQHRISLSHEHQGDVD
IXQFWLRQRI WKHHODVWLFVWUHVV LQWHQVLW\IDFWRUIRU WKHKROGWLPHRIVDWq&,QJHQHUDODVH[SHFWHG WKHFUDFN
JURZWKUDWHLQFUHDVHVZLWKDQLQFUHDVHLQWKHVWUHVVLQWHQVLW\IDFWRUUDQJH$QRYHUDOOUHDVRQDEOHFRUUHODWLRQEHWZHHQ
WKHFUDFNJURZWKUDWHDQG'.LVDQLQGLFDWLRQWKDWGRPLQDQWO\TXDVLHODVWLFFRQGLWLRQVZHUHPDLQWDLQHGWKURXJKRXW
WKHWHVWLQJ+RZHYHU WKHUHLVFUDFNJURZWKUHWDUGDWLRQDWWKHILQDOVWDJHRIIDLOXUHGXHWREOXQWLQJRIWKHFUDFNWLS
DQGKLJKSODVWLFLW\RIWKH&U0R9VWHHODWHOHYDWHGWHPSHUDWXUH7KHVHDUHOLPLWDWLRQVUHJDUGLQJWKHXVHRI'.DW
DQHOHYDWHGWHPSHUDWXUH
)LJXUH  UHSUHVHQWV WKH FUDFN JURZWK UDWH EHKDYLRU RI WKH &U0R9 VWHHO DW q& DV D IXQFWLRQ RI WKH
GLPHQVLRQOHVV FUHHS VWUHVV LQWHQVLW\ IDFWRU LQ WKH IRUP RI (T  IRU WKH KROG WLPH  V ,W LV VHHQ WKDW WKH
H[SHULPHQWDOGDWDIDOOZLWKLQDUHODWLYHO\QDUURZVFDWWHUEDQG$JDLQWKHGHSHQGHQFHRIWKHFUDFNJURZWKUDWHda/dt
RQ crK IROORZV D QRQOLQHDU WUHQG RQ D ORJORJ VFDOH DW WKH ILQDO VWDJH RI FUHHSIDWLJXH IDLOXUH 7R FDOFXODWH WKH
YDOXHV RI WKH FUHHS 6,) WKH YDOXHV RI InIDFWRU ZHUH XVHG DFFRUGLQJ WR (T  DQG WKH JHRPHWU\ GHSHQGHQW
FRUUHFWLRQIDFWRU(f'/f)FRUUHVSRQGLQJ WR WKH LQWHUVHFWLRQSRLQWRI WKHFUDFNIURQWZLWKDIUHHVXUIDFHRI WKHVDPSOH
)LJXUHUHSUHVHQWWZRFUHHSIDWLJXHIUDFWXUHGLDJUDPV2QHRIWKHPLVUHODWHGWRWKHIUHHVXUIDFHRIWKHFRPSDFW
WHQVLRQVSHFLPHQDQGWKHRWKHUEHORQJVWRWKHGHHSHVWSRLQWRIWKHFUDFNIURQW8QOLNHWKHGHILQLWLRQIRUWKHHODVWLF
6,)DQGC(t)SDUDPHWHU WKHFUHHSVWUHVV LQWHQVLW\ IDFWRUDSSURDFKJLYHV WKHSRVVLELOLW\ WRREWDLQ WKHFUDFNJURZWK
UDWHDQG WKHGHHSHVWSRLQWRI WKH&7VSHFLPHQ7KHFRPSDULVRQVKRZV WKDW WKHFUDFNJURZWKUDWHDW WKHGHHSHVW
SRLQWDQGWKHVXUIDFHSRLQWRIWKHFUDFNIURQWLVGLIIHUHQW


)LJ&UDFNJURZWKUDWHDVDIXQFWLRQRIFUHHSVWUHVVLQWHQVLW\IDFWRU
&RQFOXVLRQV
7KHHIIHFWRIRYDOLW\DQGWKLQQLQJRQVWUHVVVWUDLQVWDWHRISLSHEHQGVXQGHUFRPELQHGLQSODQHFORVLQJEHQGLQJ
DQGLQWHUQDOSUHVVXUHZDVLQYHVWLJDWHGXVLQJILQLWHHOHPHQWDQDO\VLVEDVHGRQHODVWLFYLVFRXVPDWHULDOZLWKWKHHIIHFW
RI ODUJH JHRPHWULF FKDQJH7KH FRQFOXVLRQ GUDZQ IURP WKLV DQDO\VLV LV WKDW WKH SUHVHQFH RI RYDOLW\ DQG WKLQQLQJ
FDXVHGE\ORDGLQJKLVWRU\OHDGVWRWKHPRGHUDWHLQFUHDVHRIVWUHVVDQGFUHHSVWUDLQV
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7KH LQIOXHQFHRI WKH SLSHEHQG VKDSH LPSHUIHFWLRQV RQ FUHHSIDWLJXH FUDFNJURZWKZDV VWXGLHGE\XVLQJ&7
VSHFLPHQV FXW RXW IURP H[WUDGRV DQG LQWUDGRV RI WXEH DIWHU VSHFLILHG RSHUDWLRQ WLPH &RPSDULVRQ EHWZHHQ WKHP
VKRZVWKDWF\FOLFIUDFWXUHUHVLVWDQFHPDWHULDOVSURSHUWLHVKDYHGHJUDGHGLQGLIIHUHQWGHJUHHIRUWKHVDPHSLSHEHQG
E\ORQJWHUPKLJKWHPSHUDWXUHVHUYLFH
$ QHZ SDUDPHWHU IRU FKDUDFWHUL]DWLRQ RI WKH FUDFN JURZWK UHVLVWDQFH IRU SRZHU SODQWPDWHULDOV DQG VWUXFWXUHV
XQGHUHOHYDWHGWHPSHUDWXUHLVXVHGLQWKHIRUPRIFUHHSVWUHVVLQWHQVLW\IDFWRU
$FNQRZOHGJHPHQWV
7KHDXWKRUVJUDWHIXOO\DFNQRZOHGJHWKHILQDQFLDOVXSSRUWRIWKH5XVVLDQ)RXQGDWLRQIRU%DVLF5HVHDUFKXQGHUWKH
3URMHFW
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